Abstract-In practice, diffraction and scattering from oblique surfaces create waves that travel in three-dimensional (3-D) space and arrive at the receiver with both azimuth and elevation angles. In this paper, 3-D signal scattering is considered. Generalized analytical expressions for the spatial and temporal signal fading correlations are derived, and numerically evaluated, for a uniform linear array (ULA) in terms of the antenna elements spacing and statistical distributions of the angles of arrival (AOAs). The results show that the effect of the elevation angle distribution on the spatial correlation values in case of vertically separated antenna elements is much more significant than that on horizontally separated antenna elements.
I. INTRODUCTION
With the integration of cellular mobile, multimedia applications and Internet in next generation wireless communications, the demand for wideband high data rate communication services is growing. As the available radio spectrum is limited, higher data rates can be achieved only by designing more efficient signaling techniques that provide significant increase in the communication spectral efficiency and quality.
A method to enhance a wireless system capacity and quality, for no additional bandwidth, is by using antenna arrays at both the transmitter and receiver [1] - [3] . However, this improvement is reduced by correlation of the fading signals between the antenna elements [4] . This issue was addressed in [5] - [8] for the case of two-dimensional (2-D) scattering models. In reality, diffraction and scattering from oblique surfaces create waves that do not travel horizontally only but they travel in three-dimensional (3-D) space [9] . This paper considers 3-D scattering model that incorporates both spatial angles of arrival (AOAs) in the azimuth and elevation planes. Accordingly, analytical expressions for the spatial fading cross-correlation between the received signals at the antenna elements of a uniform linear array (ULA) as well as the signal temporal correlation are derived and evaluated. The effects of antenna elements spacing, AOAs statistics, motion of the receiver, and antenna array direction are investigated.
The paper is organized as follows. Section II describes the physical properties of the spatial channel model assumed for a linear array. The spatial and temporal fading correlations functions are derived in Section III. Results with discussions are presented in Section IV and finally the conclusions are drawn.
II. THE SPATIAL CHANNEL MODEL
Most of the channel models developed for single-input single-output (SISO) transmission systems are not accurate to characterize the systems with multiple antennas. Thus, it was necessary that these models be extended to include the antenna array geometry description and signal AOA [10] . Using baseband complex envelope representation, the channel impulse response vector, included the antenna array response vector ) , ( where λ denotes the wavelength. If the transmitted signal is narrowband, then we can assume that all the received component waves will be affected in the same way [9] .
The array response vector ) , ( elements, and it can be represented by [11] 
where N is the number of antenna elements and 
III. THE CORRELATION FUNCTIONS

A. Spatial Cross-Correlation Function
The degree of the correlation between the waves at the antenna array elements depends highly on the AOAs distribution and is measured by the spatial cross-correlation. Consider the general scenario shown in Fig. 2 , where the mobile antenna array is separated vertically and horizontally.
Then, the response of the n th element given in (4) becomes
The cross-correlation between the signals received at the m th and n th antenna elements separated by d is defined as
where * is the complex conjugate and {} . E denotes the expectation. After substitution of (5) into (6) and manipulating (see the appendix for the derivation), we obtain the general formulas for the real and imaginary parts of the crosscorrelation as given in equations (A-1) and (A-2) respectively. For the special case when 0 = ε the real and imaginary parts of the cross-correlation function are given in the appendix as equations (A-7) and (A-8), and for the case 90 = ε in the equations (A-9) and (A-10) respectively.
B. Temporal Correlation Function
The temporal correlation is a measure that that shows the effect of the Doppler spread in the time domain. It can be found from the autocorrelation of a signal component at two different time instances separated byτ . Therefore, the temporal correlation can be defined as ( 2 ) ( (7) where
is the maximum Doppler frequency. The trigonometric form of (7) is In the next section, the correlation functions are evaluated numerically. We follow Clarke's assumption [12] for isotropic scattering in which the scattered waves arrive uniformly at the receiver from all the directions over the azimuth angle with equal probability. In this case, the PDF for θ is approximated
However, the adopted PDF for α follows the distribution given by [9]  . It can be concluded that reasonable decorrelation can be achieved using a spatial spacing of less than 2 / λ , and in case of the MS antenna array is horizontally placed, channel models based on twodimensional scattering are sufficient and accurate.
In Fig. 5 , the cross-correlation is plotted as a function of the antenna spacing for different values of separation angle ε in the vertical direction. The figure shows that the correlation coefficient decreases more rapidly as ε decreases, from which we conclude that the antenna spacing required to achieve a given correlation coefficient, in case of horizontally placed antenna array, is much smaller than that in case of vertically spaced antenna array.
The autocorrelation of signals arriving in 3-D scattering at a mobile moving in xy -plane is plotted in Fig. 6 
= λ π and convert from exponential to trigonometric representation, then
By using the addition identity for cosine and sine, we obtain 
By using the well-known mathematical identities, 
